Influence of rapid thermal annealing on a 30 stack InAs/GaAs quantum dot infrared photodetector
With self-assembled InAs/ GaAs quantum dots ͑QDs͒ as the absorption medium, QD infrared photodetectors ͑QDIPs͒ have revealed its potential in the application of infrared ͑IR͒ detection. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Compared with conventional quantum-well infrared photodetectors, normal-incident absorption, wider detection window, and higher-temperature operation are reported. [1] [2] [3] [4] [5] [6] [7] However, the influences of sample structures on the device performances are not optimized yet. In this article, the influence of InAs/ GaAs QD layer number on the performances of QDIPs is investigated. Compared with a 10-period QDIP, higher responsivity and detectivity are observed for a 30-period QDIP. Also observed is the symmetric photo-and dark currents for both devices, which implies the minor influence of a wetting layer on the performances of the QDIPs. A discontinuity observed in the dark current measurement for a 30-period QDIP is attributed to the occurrence of sequential resonant tunneling under appropriate voltage. 12 The InAs/ GaAs QD samples are prepared by Riber Epineat solid-source molecular-beam epitaxy on semiinsulating GaAs substrates. 10-or 30-period 2.63 monolayer ͑ML͒ InAs/ 30 nm GaAs QDIP samples, referred to as Devices A or B are sandwiched between 0.5 and 1 m thick GaAs contact layers with n =1ϫ 10 18 cm −3 . The InAs QD region is n-type doped to 1 ϫ 10 18 cm −3 . The growth temperature for the InAs QDs is 495°C, while a higher growth temperature, 600°C, is adopted for the GaAs barrier layers.
After mesa formation and metal evaporation, 100 ϫ 100 m 2 devices are fabricated. The device structure is shown in Fig. 1 . and the insert in the figure shows the atomic force microscopy ͑AFM͒ image of the InAs QDs grown under the same growth condition. Uniform QD distribution is observed from the AFM image. According to the AFM measurements, the QD density is ϳ7 ϫ 10 10 cm −2 . The 1 ϫ 10 18 cm −3 doping density at the InAs QD region would therefore correspond to a Si donor at each QD on average. The measurement of spectral responses is performed under an edge-coupling scheme. [4] [5] [6] For this purpose, the devices are 45°polished at one side of the sample. The measurement system for spectral responses consists of a Spectral One Fourier transformation spectroscopy coupling with ARC cryo- The spectral responses measured at 10 K with different applied voltages are shown in Fig. 2 . Higher peak responsivity 2.37 A / W at −2.7 V is observed for Device B while Device A shows a peak of 0.98 A / W at −0.7 V. The photocurrent for Device B is three times higher than that of Device A for the same electrical field. This increase indicated a nonsaturated photocurrent up to a 30-period QD structure. Higher responsivity with more than a 30-period QD structure is expected. Another phenomenon observed in Fig. 2 is the symmetric photocurrents for both devices under positive and negative biases. According to a previous report, 13 the spectral response of a InAs/ GaAs QDIP consists of several transition mechanisms involving QD confinement states to wetting layer photoexcitation. The wetting layer-to-continuum transition is not observed either under an edge-coupling scheme or normal-incident condition. And, due to the fact that the multistacked QD structure is always adopted for QDIPs, the incident IR light has to go through multi-QD and wetting layer regions either under normal-incident or edge-coupling conditions. Therefore, the phenomena of symmetric phocurrents are attributed to the minor influences of the wetting layer and the three-dimensional character of the InAs QDs on the performance of the QDIPs.
The spectral responses of Device B under 10, 50, and 100 K at an applied voltage of 0.5 V are shown in Fig. 3 . Increasing spectral responses with increasing temperature is observed, where a more pronounced increase in the wavelength range of 3 -6 m is observed. This phenomenon is attributed to the depopulation of electrons at the excited states with increasing temperature, such that the ground-toexcited state transition is increased. 4 The detectivity D * is determined following the equation that detectivity D * = R͑AB͒ 1/2 / i n , where R, A, i n , and B are the peak responsivity, device area, noise current, and measurement bandwidth, respectively. The noise current, i n , could be derived through the relation i n 2 =4egI d B, where I d is the current under the dark environment and g is the gain assumed to be 1.
3-6 The 6.2 m peak detectivities for Device B at 0.5 V under 10, 50, and 100 K are 6.25ϫ 10 8 , 3.82ϫ 10 7 , and 2.66 ϫ 10 7 cm Hz 1/2 / W, respectively. Although high responsivity of 8 A / W is observed with increasing temperature up to 100 K, the peak detectivities at 6.2 m decrease due to the more rapid increase of dark current with increasing temperature compared with the case for photocurrent.
The dark current densities for Devices A and B under 10 K are shown in Fig. 4 . The lower dark current for Device B is attributed to the increase of QD period such that the total barrier thickness is increased. Also shown in Fig. 4 is the abrupt dark current increase for Device B at ϳ1.5 and −1 V, respectively, which is attributed to the sequential reso- nant tunneling ͑SRT͒ at an appropriate voltage as shown in the inset of Fig. 4 . 12 Since the dominant dark current component for a temperature higher than 60 K is the thermionic emission current, 10,11 the activation energies under different biases can be derived through the curve fitting for the dark currents with the equation I D ϳ T 2 e −Ea/kT , where T is temperature and E a is the activation energy which equals ͑⌬E c − E F ͒.
6 ⌬E c is the conduction-band discontinuity and E F is the Fermi level. The derived zero-bias activation energies are 25 and 112 meV for Devices A and B, respectively. Symmetric activation energies under different polarities of applied voltage are consistent with the symmetric photocurrent. Higher activation energy at zero-applied bias for Device B would indicate a lower dark current with an increasing QD layer number. Due to the higher photocurrent and lower dark current, high 6.2 m detectivity of 2.48ϫ 10 10 cm Hz 1/2 /W for Device B at 10 K with responsivity 42.9 mA/ W at 1.2 V is observed. Compared with the peak detectivity 1.08 ϫ 10 9 cm Hz 1/2 / W with responsivity 16.4 mA/ W for Device A, Device B has ϳ20 times higher peak detectivity. A higher detectivity of Device B results in a higher backgroundlimited performance temperature of 60 K compared with 30 K for Device A.
In conclusion, symmetric photocurrents and dark currents under positive and negative biases are observed for both devices, which indicate a minor influence of the wetting layer and the three-dimensional character of the InAs QDs on the performance of QDIPs. And due to the increase of dark currents usually being more pronounced than photocurrents, the phenomenon would result in different applied voltages for peak detectivity and peak responsivity to occur. Therefore, for a 30-period QDIP under 10 K, peak responsivity of 2.37 A / W and detectivity of 2.48ϫ 10 10 cm Hz 1/2 / W are observed at −2.7 and 1.2 V, respectively. Lower dark current and nonsaturated photocurrent for the 30-period QDIP would indicate that better performance could be obtained for devices with a layer number over 30. A discontinuity observed in the dark current measurement at ϳ1.5 and −1 V for the 30-period QDIP is attributed to the occurrence of SRT.
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